A range of twelve stabilised phosphonium ylides containing tetrahydrofuran, tetrahydropyran or 2,2-dimethyl-1,3-dioxolane rings have been prepared and fully characterised, including one X-ray structure determination of each type. The X-ray structures confirm the PvC and CvO functions to be syn and all the compounds undergo thermal extrusion of Ph 3 PO to give the corresponding alkynes. In some cases there is also competing loss of Ph 3 P to give different carbene-derived products and evidence has been obtained for the generation of 2-phenyloxete in this way. Raising the pyrolysis temperature leads in several cases to new secondary reactions of the alkyne products involving a sequence of alkyne to vinylidene isomerisation, intramolecular CH insertion, and retro Diels Alder reaction.
Introduction
Thermal extrusion of Ph 3 PO from suitably substituted β-oxophosphonium ylides in the so-called "intramolecular Wittig reaction" is a versatile method of alkyne synthesis. 1 The ylides are readily prepared in a few simple steps from alkyl halides and acid chlorides as stable crystalline solids, and overall this represents an unusual way to construct the alkyne triple bond (Scheme 1). The process was first described in 1959 for R 1 = R 2 = Ph where simply heating the ylide at 300°C resulted in the desired elimination of Ph 3 PO to give diphenylacetylene in 59% yield. 2 Shortly thereafter a convenient synthesis of acetylenic esters by pyrolysis of the ylides with R 1 = CO 2 Me was reported. 3 Over the next 25 years many further examples appeared, but using conventional pyrolysis the scope was limited to examples where R 1 was an electron withdrawing group. 4 This restriction was overcome by the use of flash vacuum pyrolysis (FVP) which allowed synthesis of purely aliphatic and terminal alkynes from ylides with R 1 = alkyl or H. 5 Using this method, a wide range of functionalised alkynes have been prepared and typical examples include the synthesis of fused ring heterocycles via cascade cyclisation 6, 7 and chiral amino acid-derived alkynes. 8 FVP is a technique of increasing importance in the synthesis of heterocyclic compounds, 9 but has not so far seen any significant application in carbohydrate chemistry. In fact the use of FVP in carbohydrate chemistry is effectively limited to a single example: the pyrolytic elimination of acetic acid to form a derivative of zanamivir (Relenza). 10 In this paper we describe the preparation and pyrolysis behaviour of a series of ylides containing tetrahydrofuran, tetrahydropyran and 2,2-dimethyl-1,3-dioxolane rings to check the compatibility of these ring systems common in carbohydrates with the conditions required for alkyne formation. There has been considerable interest in acetylenic carbohydrate derivatives, both in their own right, 11 and as intermediates in synthesis of modified nucleosides. 12, 13 Alkyne-containing 2,2-dimethyl-1,3-dioxolanes have also found use in total synthesis. 14, 15 There is a single previous example of this approach in which a tetrahydropyran-containing ylide 1 was prepared and subjected to conventional pyrolysis at 200-250°C (heating the solid above its mp) to afford alkyne 2 in 75% yield (Scheme 2). 16 
Results and discussion
The ylides 4 were prepared by two different methods depending on the nature of R 1 (Scheme 3). For monostabilised ylides while for distabilised ylides (R 1 = COMe, COPh, CO 2 Et) reaction of 5 with the acid chloride and triethylamine in toluene was used. 18 Tetrahydrofuran-2-carbonyl chloride was prepared by reaction of the commercially available acid with oxalyl chloride, tetrahydropyran-4-carbonyl chloride was prepared by hydrolysis of methyl tetrahydropyran-4-carboxylate using sodium hydroxide followed by reaction with thionyl chloride, while 2,2-dimethyl-1,3-dioxolane-4-carbonyl chloride was prepared from mannitol diacetonide by sodium periodate cleavage 19 followed by potassium permanganate oxidation of the resulting aldehyde and treatment of the potassium carboxylate with oxalyl chloride. 20 The 12 ylides 6-17 were obtained in low to moderate yield as colourless or pale yellow crystals (Scheme 3). They all gave 31 P NMR chemical shifts in the range δ P +14.9-17.9 and the 13 C NMR spectra showed a highly consistent and informative pattern of phosphorus coupling. X-Ray diffraction has previously been used to obtain valuable information on the structure of stabilised ylides, particularly in respect of the PvC-CvO torsion angle which is important for successful pyrolytic alkyne formation. 21 Since no X-ray structures of ylides containing saturated oxygen heterocycles are known, we have determined the structure of one representative example from each of the three ring systems. The structure of compound 10 ( Fig. 1) shows an almost planar tetrahydrofuran ring and both carbonyl groups syn to the PvC bond. However the degree of delocalisation in the sense P + -CvC-O − as indicated by the CC and CO bond lengths is much greater for the CO-THF function with a torsion angle of 0.7°than for the COPh with a torsion angle of 34°.
In the tetrahydropyran series, the structure of the monostabilised ylide 13 was determined (Fig. 2) and this shows the tetrahydropyran in an almost perfect chair conformation with the oxo ylide function equatorial. The bond lengths again show the oxo ylide function to be substantially delocalised in the sense P + -CvC-O − and PvC and CvO are syn.
The structure of 17 proved to be more complex with two separate and slightly different molecules in the unit cell (Fig. 3) . In each case the ester carbonyl is anti to the PvC bond while the dioxolanyl ketone is syn to it but, while the molecule containing P(41) has these functions almost coplanar (torsion angles 178.7 and 1.0°), the geometry for the other molecule containing P(1) is less ideal (torsion angles 156.8 and 10.6°). The behaviour of the compounds was now studied under flash vacuum pyrolysis conditions. The apparatus used has been described previously, 22 and based on our extensive experience with oxo stabilised ylides, temperatures in the range 500-750°C were used with a pressure of 1-5 × 10 −2 Torr.
The two compounds with a hydrogen atom on the ylidic bond, 6 and 12, reacted completely at 750°C with clean extrusion of Ph 3 PO being observed in each case (Scheme 4). For 6 the other product was the expected terminal alkyne 18 (36%) together with a little furan and benzene from thermal degradation. In the case of the tetrahydropyran compound 12, the expected alkyne 19 (42%) was again formed but this was now accompanied by low yields of cyclopentadiene and acetaldehyde. We believe these to result from the mechanism shown in Scheme 4 in which the alkyne isomerises to the vinylidene 20 and this undergoes intramolecular CH insertion at the 2-position of the tetrahydropyran to form the bicyclic product 21. This is then set up to undergo a retro Diels-Alder reaction with formation of cyclopentadiene and oxirane, which isomerises to acetaldehyde. The formation of vinylidenes such as 20 by rearrangement of alkynes under FVP conditions is well known, 23 and will be encountered again in the FVP of 9 and 10. The ylide 7 with a methyl group on the ylidic position reacted completely at 730°C to give a 2 : 1 mixture of Ph 3 P and Ph 3 PO at the furnace exit. In the cold trap the expected alkyne 22 (20%) from loss of Ph 3 PO was accompanied by 2-propionyl-4,5-dihydrofuran 24 (30%) (Scheme 5). We propose that this product is formed by loss of Ph 3 P to give the (triplet) carbene 23, which then undergoes twofold intramolecular hydrogen atom abstraction to afford the product. In contrast the corresponding tetrahydropyran ylide 13 underwent exclusive elimination of Ph 3 PO at 710°C to give the expected alkyne 25 in good yield as the only product. The extrusion of a phosphine as opposed to phosphine oxide from β-oxophosphonium ylides is very unusual, but has been observed in the FVP of a benzotriazolyl ylide, 24, 25 and also upon photolysis of Ph 3 PvCHCOPh. 26 The two compounds 8 and 14 with a phenyl substituent on the ylidic carbon both reacted completely at 700°C with exclusive elimination of Ph 3 PO. With the tetrahydrofuran compound 8 the product was the known alkyne 26 (56%) (Scheme 6), which showed good agreement with literature spectroscopic data, 27, 28 while for the tetrahydropyran compound 14, the expected alkyne product 27 (46%) was accompanied by the isomeric allene 28 (20% Simple oxetes such as this are almost unknown but there has been recent interest in more highly substituted examples such as the 4-methylene compounds 35 obtained by gold-catalysed cyclisation of α-hydroxybenzylallenes, 31 and stable fully substituted compounds 36 prepared in high enantiomeric purity from ethyl trifluoropyruvate and alkynes. 32 The parent compound has also been generated 33 We rationalise the formation of 30, as shown in Scheme 7, by initial loss of Ph 3 P from ylide 16 to give the carbene 31 which undergoes intramolecular oxonium ylide formation to form 32. This can then rearrange as shown to give 33, which loses CO and acetone to afford the oxete. Further support for this route was provided by the observation of acetone among the pyrolysis products.
We next examined the two ylides 9 and 10 where there is potentially a choice between elimination of Ph 3 PO in two directions to give isomeric alkynyl ketones. In previous such cases there has been little selectivity with almost equal proportions of the two possible products being formed. 34, 35 This also proved to be the case here, with compound 9 undergoing complete extrusion of Ph 3 PO at 500°C to afford a mixture of 37 (26%) and 39 (58%), while the benzoyl compound 10 gave a mixture of 38 (29%) and 40 (30%) under the same conditions (Scheme 9). All these alkynyl ketone products are previously unknown. When ylides 9 and 10 were pyrolysed at the higher temperature of 700°C an interesting new process was observed. In each case the previously observed alkynyl ketones were still formed but these were accompanied by the 3-acylfurans 41 and 42, readily identified by comparison with literature spectroscopic data. 36, 37 Thus FVP of 9 at 700°C gave 37 (18%), 39 (33%) and 41 (17%) while under the same conditions 10 gave 38 (12%), 40 (14%) and 42 (37%). As shown we propose that this involves isomerisation 23 of the alkynyl ketones 39
and 40 to the vinylidene 43 which undergoes intramolecular insertion into the marked CH bond to give the oxabicyclic compounds 44 which are ideally set up to undergo retro-Diels Alder elimination of ethene to afford the observed acylfuran products. Pyrolysis of ylides containing both adjacent ester and ketone carbonyl functions is well known to result in elimination of Ph 3 PO only from the latter to give acetylenic esters. The method was first developed by Märkl using conventional pyrolysis of methyl esters, 3 but was later shown to also be amenable to FVP conditions using ethyl esters. 38 An added advantage of using the latter technique is that, while efficient Ph 3 PO elimination to give the acetylenic esters occurs at 500°C, simply increasing the temperature to 750°C additionally leads to loss of the whole ester group to afford the alk-1-ynes. Mechanistic studies of this unusual process have been described. 39 In agreement with this pattern, when the three ester-containing ylides 11, 15, and 17 were subjected to FVP, mixtures of the acetylenic esters and the alk-1-ynes were obtained with the ratio depending on the temperature (Scheme 10). Thus at 500°C, FVP of 11 gave ester 45 (42%) together with the alkyne 18 (16%). At 750°C, there was extensive decomposition with only products such as furan and cyclopentadiene isolated in low yield. FVP of the tetrahydropyan ylide 15 at 500°C gave the ester 46 in 60% yield, while increasing the furnace temperature to 750°C led to alkyne 19 (30%) together with the decomposition products cyclopentadiene (20%) and acetaldehyde (25%) formed from 19 as shown in Scheme 4. FVP of 17 at 600°C gave mainly the ester 47 (68%) with a little of the alkyne 48 (9%) while at 650°C the ratio of products had changed to 47 (39%) and 48 (30%). It therefore appears that lower temperature FVP of these three ylides provides an effective route to the acetylenic esters but for the alk-1-ynes FVP of ylides such as 6 and 12 is preferable. reported in ppm to high frequency of the reference and coupling constants J are in Hz. Mass spectra were obtained on a Micromass LCT spectrometer using electrospray ionisation. Tetrahydrofuran-2-carbonyl chloride was prepared (87%) by reaction of the commercially available acid with oxalyl chloride, tetrahydropyran-4-carbonyl chloride was prepared by hydrolysis of methyl tetrahydropyran-4-carboxylate using sodium hydroxide (quant.) followed by reaction with thionyl chloride (84%), while 2,2-dimethyl-1,3-dioxolane-4-carbonyl chloride was prepared from mannitol diacetonide by sodium periodate cleavage 19 followed by potassium permanganate oxidation of the resulting aldehyde and treatment of the potassium carboxylate with oxalyl chloride. 20 General procedure A for synthesis of monostabilised ylides A suspension of the appropriate phosphonium salt (1 equiv.) in dry THF was stirred at rt under nitrogen while a solution of n-BuLi in hexanes (2.5 M, 1 equiv.) was added dropwise by syringe. After the addition the mixture was stirred for 30 min and then a solution of the acid chloride (0.5 equiv.) in dry THF was added dropwise. The mixture was stirred for 12 h and then partitioned between water and diethyl ether. The organic extract was dried (MgSO 4 ) and evaporated to give the product. If necessary a little EtOAc was added to induce crystallisation and the products were recrystallised from EtOAc. Data were recorded using a Rigaku XtaLB P200, Cu Kα radiation (confocal optic, λ 1.54187 Å) and Saturn detector. The structure was solved by direct methods and refined using full-matrix least-squares methods.
General procedure B for synthesis of distabilised ylides
Crystallographic data (excluding structure factors) for the structures included in this paper have been deposited at the Cambridge Crystallographic Data Centre as supplementary publication No. CCDC 1435297 (10), 1435298 (13) and 1435299 (17) .
Flash vacuum pyrolysis (FVP)
This was carried out using the apparatus previously described. 22 The contact time in the hot zone was estimated to be ∼10 ms. In each case a solid collected at the furnace exit which was found to be either Ph 3 PO or a mixture of Ph 3 PO and Ph 3 P. In the cold trap the other product(s) collected as a liquid or oil and this was dissolved out using either CDCl 3 (small scale) for direct NMR analysis, or CH 2 Cl 2 (large scale) for purification and characterisation by the usual methods.
FVP of ylide 6 (150 mg) at 750°C gave at the furnace exit Ph 3 PO; δ P +29. FVP of ylide 9 (110 mg) at 700°C gave at the furnace exit Ph 3 PO; δ P +29.2 and in the cold trap a mixture of 37 (18%), 39 (33%) data as above, and:
3-Acetylfuran 41 (17%); δ H (300 MHz) 8. 03 (1 H, dd, J 1.5,  0.9), 7.45 (1 H, dd, J 2.0, 1.5), 6.77 (1 H, dd, J 2.0, 0.9 FVP of ylide 15 (100 mg) at 750°C gave at the furnace exit Ph 3 PO; δ P +29.2 and in the cold trap 4-ethynyltetrahydropyran
